A strong blueshift of high-order harmonics was observed when intense femtosecond Ti:sapphire laser pulses were applied to Ar and Ne. The blueshift was systematically investigated for various experimental parameters, such as laser intensity, laser-pulse duration, and gas density. We observed the harmonic blueshifts of two times the laser frequency in the 39th harmonic from Ar and four times the laser frequency in the 85th harmonic from Ne. A semiclassical calculation predicted the inverse proportionality of the blueshift to the laser-pulse duration, which was confirmed in the experiment done with 30 fs and 80 fs pulses. The density dependence of blueshift showed that the self-phase modulation in an ionizing medium was not a major factor of the observed blueshift. The experimental results along with theoretical calculations confirmed that the observed blueshift resulted mainly from the nonadiabatic effect due to the rapid increase in the femtosecond laser electric field.
I. INTRODUCTION
High-order harmonic generation ͑HHG͒ in noble gases is a rapidly developing subject in the field of laser-atom interactions ͓1-4͔. HHG has attracted much attention because of its promise as a coherent ultrashort extreme-ultraviolet ͑XUV͒ source of a tabletop scale. Rapid development of intense femtosecond lasers has prompted great progresses in HHG research. The improved performance of ultrashort lasers has extended the wavelength range of HHG ͓5,6͔ and increased the harmonic conversion efficiency ͓7,8͔ since atoms can be exposed to an intense laser field before significant ionization of neutral atoms is made. In addition, theoretical and experimental studies showed that the high-order harmonics obtained under a proper phase-matching condition possessed a good potential for the generation of XUV pulses with attosecond duration ͓9-11͔. As a result, HHG has been a hot topic of intensive study for more than 10 years.
High-order harmonics produced by ultrashort intense laser pulses showed new features that had not been observed in harmonics generated by a relatively long and weak laser pulse. When the pulse duration of a driving laser is much shorter than 100 fs and its intensity is comparable to or higher than the saturation intensity for an optical-field ionization ͑OFI͒, high-order harmonics exhibits significantly different features, not previously observed ͓11-13͔. One such feature is the frequency shift of high harmonics. The frequency shift of harmonics was seen with the laser pulses longer than 100 fs ͓14,15͔; however, it could be understood by considering the self-phase modulation ͑SPM͒ effect in an ionizing gas. The SPM of a propagating laser pulse occurs due to the change of the refractive index of the medium during ionization, and it modulates the wavelength of a propagating laser pulse to shorter wavelength and results in the blueshift of high-order harmonics. In our previous work ͓12͔, we reported that a large blueshift could be generated due to the nonadiabatic effect from the rapid increase of the ultrashort laser field when the duration of the driving laser pulse was shorter than 30 fs. When the increase of the electric field of a driving laser pulse from one optical cycle to the next is significant, an atom sees the nonadiabatic change of the laser field and the emitted high-order harmonics reflect this nonadiabatic effect. The observed blueshift of the 39th harmonic from Ar was large enough to shift as much as the interval between neighboring odd harmonics, and it could be explained by the nonadiabatic effect.
In this paper we present the systematic investigation of the nonadiabatic blueshift of high-order harmonics generated by intense femtosecond laser pulses. The nonadiabatic blueshift is calculated using the semiclassical theory ͓12͔, and the functional dependence of blueshift on the laser pulse duration is obtained. The dependence of the harmonic blueshift on various experimental parameters, such as laser intensity, pulse duration, harmonic order, and gas density, is measured, which shows the characteristic behavior of nonadiabatic blueshift. The experimentally observed harmonic blueshift is quantitatively compared with the calculated values to confirm the origin of the blueshift. This paper is organized as follows: In Sec. II, we present the theoretical analysis of the nonadiabatic blueshift using the semiclassical theory. The systematic investigation of harmonic blueshift in Ar and Ne atoms is explained in Sec. III. The conclusion is given in Sec. IV.
II. CALCULATION OF NONADIABATIC BLUESHIFT
When gaseous atoms are driven by an intense femtosecond laser pulse, the atoms see the nonadiabatic change of the laser electric field, and the emitted high-order harmonics show a frequency shift from usual odd harmonics of the driving laser frequency. If the applied laser intensity is stronger than the saturation intensity for OFI, the HHG occurs only in the rising edge of the laser pulse and the high harmonics exhibit a blueshift due to the nonadiabatic effect. The nonadiabatic blueshift is different from the blueshift due to the SPM effect in that the nonadiabatic effect is basically a single atomic effect. In this section, the semiclassical theory based on the strong-field approximation ͑SFA͒ model ͓16͔ will be used to calculate the nonadiabatic harmonic blueshift, since it is relatively simple to calculate and easy to understand the underlying physics of the blueshift, as compared to a quantum-mechanical method such as the numerical calculation of time-dependent Schrödinger equation ͓17,18͔. The dependencies of the harmonic blueshift on the laser intensity and the harmonic order are obtained.
The high-order harmonic generation can be described well by the semiclassical three-step model ͓1,16͔, i.e., tunneling ionization under strong laser field, acceleration of an ionized electron along the electric field, and generation of high harmonics during recombination. An electron first tunnels the atomic potential modified by the laser field and appears in the continuum. The electron is then accelerated by the oscillating laser electric field, and harmonics are emitted, when the electron returns to the atom, after periodically repeating this process. The high-order harmonic spectrum from a single atom may be obtained by calculating the power spectrum of the dipole acceleration of the returning electron. In the SFA model, the atomic dipole moment is calculated using a saddle-point method ͓16͔. Since the major contribution to the dipole moment calculation in the SFA model comes from the stationary points of the electron wave function, the semiclassical theory in which the electron trajectory corresponds to the stationary points gives a very similar result to the SFA result.
From the SFA model, the phase, q , of the qth harmonic emitted by the electron may be written as ͓16,19͔
where 0 is the laser frequency and t q corresponds to the returning time of the electron. The classical action, S(t q ), which is the accumulated phase of the wave function of an electron that released from an atom at time tЈ and returns to the ion at time t q , is given by
where the first term in the integrand is the kinetic energy of the electron and E I is the ionization potential of an atom. The effect of the atomic potential is assumed to be small between tЈ and t q , so that the action actually describes the motion of an electron freely moving in the laser field. The action, however, includes the effect of the binding potential through its dependence on E I . The fractional frequency shift of the qth harmonic is then calculated by considering the rate of harmonic-phase change:
where I p is the laser intensity at the time of harmonic generation and ␦E the electric-field variation of a laser pulse during a half-optical cycle. Here, the fractional frequency shift is expressed with two terms: the intensity-dependent harmonic phase and the relative electric-field variation. The former, 2I p /q(d q /dI) I p in Eq. ͑3͒, describes the dependence of harmonic frequency shift on the laser intensity and the harmonic order. The latter, ␦E/E, is the relative electricfield variation of a driving laser that does not depend on the harmonic order.
As the power spectrum of the dipole acceleration gives the high-order harmonic spectrum, the temporal distribution of the dipole acceleration was examined. The dipole acceleration of an Ar atom driven by a 30-fs Gaussian laser pulse was calculated using the SFA model. The neutral depletion was taken into account by the Ammosov-Delone-Krainov formula ͓20,21͔. Figure 1͑a͒ shows the envelope of the electric field of a 30-fs Gaussian laser pulse and Fig. 1͑b͒ shows the relative electric-field variation of the laser pulse. Figures  1͑c͒ and 1͑d͒ show the temporal distributions of the dipole acceleration for the harmonics between the 21st and 39th orders from an Ar atom driven by a laser pulse with peak intensities of 3.0ϫ10 14 and 9.0ϫ10 15 W/cm 2 , respectively. In the case of Fig. 1͑c͒ , with the laser intensity of 3.0 ϫ10 14 W/cm 2 , the actual laser intensity I p at the time of maximum dipole acceleration is about 2.5ϫ10 14 W/cm 2 . When the laser intensity is increased to 9.0ϫ10 15 W/cm 2 , much stronger than the saturation intensity of Ar (Ϸ3 ϫ10 14 W/cm 2 ), I p is about 3.2ϫ10 14 W/cm 2 . Consequently, the actual laser intensity I p at the time of maximum dipole acceleration is almost constant, varying only 30%, even though the peak laser intensity increased by 30 times. There is, however, a big difference in the HHG condition. As the laser intensity becomes stronger, the harmonic generation occurs earlier in time. This means that HHG occurs while atoms see larger electric-field variation, as seen in Fig. 1͑b͒ .
According to the semiclassical theory, two different electron trajectories within one optical cycle can occur with the same recolliding kinetic energy; two electron trajectories, called short and long trajectories, contribute to one harmonic order in the plateau region of high-order harmonics. In Fig. 2 the harmonic phase of the 31st order from an Ar atom is given with respect to the instantaneous laser intensity at the time of harmonic emission. Above the threshold intensity of the 31st harmonic, the two trajectories behave differently, FIG. 1. Electric-field profile ͑a͒, relative electric-field variation ͑b͒ of a 30-fs Gaussian laser pulse, and calculated dipole acceleration of a recolliding electron at the laser intensities of 3ϫ10 14 ͑c͒ and 9ϫ10 15 W/cm 2 ͑d͒.
but both have positive slopes. Consequently, the sign of the frequency shift of high-order harmonics follows that of the electric-field variation in Fig. 1͑b͒ , i.e., positive in the leading edge and negative in the trailing edge. When the laser intensity is similar to or less than the saturation intensity, high harmonics are generated mostly near the peak of the laser pulse where the electric-field variation is small. The frequency shift then results in the spectral broadening of the high-order harmonics due to the combination of the small harmonic blueshift in the rising edge and the small redshift in the falling edge of the laser pulse. On the other hand, when the laser intensity exceeds the saturation intensity, the high-order harmonics are generated mainly on the rising edge and the frequency shift occurs only toward the blue side. If the laser intensity increases further, the high-order harmonic emission occurs much earlier in time and reflects the nonadiabatic change of the laser field seen by the atom. The intensity-dependent harmonic phase can be examined from the term 1/q(d q /dI) I p in Eq. ͑3͒. This term was calculated for an Ar atom in the laser intensity of 3.0 ϫ10 14 W/cm 2 since most of the harmonics are emitted at the instantaneous intensity around this value, if the peak laser intensity exceeds it. The result is shown in Fig. 3 . The first part of Eq. ͑3͒ increases with the harmonic order for the short trajectory component and decreases for the long trajectory component. The two branches approach near the 53rd order, the cutoff order for the laser intensity I p . As a result, the fractional blueshift increases for the short trajectory with the harmonic order, while it decreases for the long trajectories. Consequently, this behavior of harmonic blueshift can provide valuable information on which electron trajectory contributes to the observed harmonic spectrum.
The functional behavior of the fractional frequency shift is primarily determined by the relative electric-field variation, the second term in Eq. ͑3͒. The first part of Eq. ͑3͒ does not vary much with the laser intensity for a given harmonic order. The dependence of the harmonic blueshift on the laser intensity then follows the functional shape of the electricfield variation. Therefore, the intensity dependence of the nonadiabatic blueshift of high-order harmonics can be understood if the electric-field variation at the time of strong harmonic emission is estimated.
In the case of a Gaussian laser pulse, the laser intensity has the following form:
where ␣ is a constant (ϭ4 ln 2) and the laser-pulse duration. In this case the time of the maximum dipole acceleration can be expressed by the peak laser intensity I 0 and the instantaneous laser intensity at the time of maximum harmonic emission I p :
From this, the second part of Eq. ͑3͒ can be calculated as 
where T is the optical period of the laser pulse. Equation ͑6͒ gives a very important relation between the harmonic blueshift and the laser-pulse duration: the relative frequency shift of harmonics is inversely proportional to the laser-pulse duration. Therefore, a short laser pulse is more efficient in making blueshift than a long one.
If the laser-pulse shape is different, the electric-field variation has different behavior. In the case of sech 2 pulse, the electric-field variation saturates to a constant (ϭT sech Ϫ1 (ͱ0.5)/) as time goes infinite. This comes from the fact that the sech 2 pulse has the exponent proportional to ''t'' at large t, instead of ''t 2 '' as in a Gaussian pulse. It shows that the change of laser-pulse shape from Gaussian to sech 2 results in a sharp difference in the behavior of the harmonic blueshift, especially at high intensity. Therefore, the laser-pulse shape is an important factor in the characterization of HHG. Figure 4 shows the electric-field variations of 30-fs and 80-fs laser pulses. In this calculation, I p was assumed as a constant 3ϫ10 14 W/cm 2 . The electric-field variation is zero at the laser intensity of I p , 3ϫ10 14 W/cm 2 . The electricfield variation then starts to increase rapidly to a significant value as the laser intensity is increased up to 2 ϫ10 15 W/cm 2 . It then increases slowly as the intensity is raised further. For a sech 2 pulse, the relative electric-field variations are given in Fig. 4 as the dotted lines for 30-fs and 80-fs pulse durations. The electric-field variation behaves similarly for both pulse shapes at low intensity, but it becomes quite different at high intensity. Since the electricfield variation changes with the temporal shape of the laser pulse, the accurate determination of the pulse shape is important for the proper estimation of the harmonic blueshift.
III. OBSERVATION OF A NONADIABATIC BLUESHIFT OF HIGH-ORDER HARMONICS

A. Experimental setup
The HHG experiment was performed with a femtosecond terawatt Ti:sapphire laser operating at 10 Hz. The optical layout of the laser system is shown in Fig. 5 . It utilized a long-wavelength injection method to generate a broad amplified spectrum necessary for producing ultrashort laser pulses ͓22͔. The Ti:sapphire laser consisted of a femtosecond oscillator, a reflective-type grating pulse stretcher, two multipass amplifiers, and a grating pulse compressor in vacuum. The pulses from the femtosecond Ti:sapphire oscillator were stretched to about 200-ps pulses. A single pulse was then selected by a Pockels cell at a 10-Hz repetition rate, and amplified by two multipass amplifiers pumped by a frequency-doubled Q-switched Nd:ytrrium-aluminum-garnet ͑YAG͒ laser. The amplified pulse was compressed using a grating compressor installed in a vacuum chamber. The temporal characteristics of the laser pulse was measured using the second-harmonic generation ͑SHG͒ frequency-resolved optical gating ͑FROG͒ technique ͓23͔. The intensity profile in Fig. 6 shows that the laser pulse was close to a 30-fs Gaussian pulse up to 3% of the peak intensity, rather than a sech 2 pulse shape, and the frequency chirping was not significant.
For HHG, the laser beam was focused into a gas jet target by a 60-cm focal length spherical mirror. The full width at half maximum of the gas density profile in the interaction region was about 700 m. The generated harmonics were detected by a flat-field XUV spectrometer equipped with a back-illuminated x-ray charge-coupled device ͑CCD͒. The XUV spectrometer consisted of a toroidal mirror, a slit, and a varied line-spacing concave grating ͑1200 lines/mm͒. The toroidal mirror was installed in front of the entrance slit to compensate for the astigmatism occurring at a grazingincidence concave grating, and to enhance x-ray collection efficiency ͓24͔. X-ray filters made of Al or Ti were inserted in front of the x-ray CCD to block stray laser light. Two 0.2-m Al filters were used in the wavelength region of 18-35 nm and two Ti filters of 0.1 and 0.2 m were used in the wavelength region below 18 nm. For the systematic inquiry of the blueshift of high-order harmonics, it was necessary to vary the laser intensity without changing any other laser parameters. For this purpose, the laser energy was controlled before the grating pulse compressor using a combination of a half-wave plate and dielectric polarizers. Just rotating the half-wave plate, the laser intensity could be controlled by a factor of 30. Great care was taken to prevent any spectral modulation during the energy control since it can affect the temporal shape of the laser pulse, even if the modulation is small. The pulse stretching associated with the focusing of the laser beam by the spherical mirror was estimated by calculating the optical path difference between rays of the beam at the focusing position. The optical path difference was smaller than onehalf wavelength, so the pulse stretching was less than 1.5 fs.
B. Experimental result
The theoretical study in Sec. II shows that the nonadiabatic blueshift of high harmonics occurs when atoms are driven by an intense femtosecond laser pulse. In this section, we present experimentally observed harmonic spectra and compare them with the theoretical prediction. The harmonic spectra from Ar and Ne were obtained with laser intensities above the saturation intensity. Both harmonic spectra from Ar and Ne explicitly showed large blueshifts in their observed wavelengths. A detailed analysis of the harmonic blueshift is performed to find out its dependencies on the gas density, laser intensity, pulse duration, and harmonic order.
High-order harmonic spectra from Ar were obtained with 30-fs laser pulses of intensities in the range from 3 ϫ10 14 W/cm 2 to 9ϫ10 15 W/cm 2 . The spectral images of high-order harmonics between 23rd and 39th orders on the x-ray CCD are shown in Figs. 7͑a͒-7͑f͒ . The unshifted harmonic positions are marked by dotted lines with harmonic orders. The 27th harmonic, marked with short solid lines, clearly showed the increase of the blueshift with the laser intensity. At the laser intensity of 3ϫ10 14 W/cm 2 , close to the saturation intensity for Ar, the 27th harmonic appeared very near the unshifted wavelength. As the laser intensity was increased, an appreciable blueshift was observed. At the laser intensity of 9ϫ10 15 W/cm 2 , the 27th harmonic was observed at the middle of the 27th and the 29th harmonic positions, i.e., the blueshift as large as the laser frequency.
Using Ne, much higher-order harmonics in the 10-nm wavelength region could be observed. The harmonic blueshift in Ne is smaller than that in Ar under the same condition due to the tighter binding of electrons in Ne, on the other hand, it allows the generation of much higher-order harmonics. Figure 8 shows the harmonic spectra obtained from Ne gas driven by 27-fs laser pulses with intensities of 5ϫ10 15 and 1.3ϫ10 16 W/cm 2 . The blueshift of the 61st harmonic was less than two times the laser frequency at the laser intensity of 5ϫ10 15 W/cm 2 and increased to about 2.5 times the laser frequency at the laser intensity of 1.3 ϫ10 16 W/cm 2 . As is clearly seen in Figs. 7 and 8, the blueshift of harmonics increases with the harmonic order. The 39th harmonic from Ar gas generated at the laser intensity of 9 ϫ10 15 W/cm 2 was observed at the position of the unshifted 41st harmonic; the blueshift of the 39th order harmonic corresponded to two times the laser frequency. The blueshift of the 85th harmonics from Ne gas at the laser intensity of 1.3ϫ10 16 W/cm 2 was increased to four times the laser frequency. These are very large frequency shifts, enough to cover the interval between odd harmonics. In the following sections, the blueshift of high-order harmonics is analyzed in terms of their dependencies on the gas density, the laser intensity, the harmonic order, and the laser-pulse duration.
Density dependence of blueshift
The density dependence of the harmonic blueshift was examined to determine the origin of the large observed blue- FIG. 7 . Images of high-order harmonic spectra on an x-ray CCD obtained from Ar driven by 30-fs Ti:sapphire laser pulses with the wavelength centered at 813 nm. The peak gas density at the interaction region was 8ϫ10 17 shift. The blueshift of high-order harmonics has two origins: the nonadiabatic effect and the SPM effect. The former is due to the rapid increase of the laser electric field, seen by each atom as explained in Sec. II. The latter is due to the SPM of a laser pulse propagating in an ionizing medium. The frequency shift of the laser spectrum due to SPM can be written as
where n r is the refractive index of an ionizing medium, n e the averaged electron density along the propagation length of the laser pulse, n c the critical density, and l the medium length. In an ionizing phase, the sign of the frequency shift ⌬, is always positive. Since the OFI rate is independent of medium density, the frequency shift due to the SPM in an ionizing gas is proportional to the gas density. Therefore by examining the density dependence of the blueshift of harmonics, the contribution to the blueshift from the SPM effect can be determined. The density dependence of the harmonic blueshift from Ar was examined by changing the gas density. Figure 9 shows the observed high-order harmonic spectra from Ar with 30-fs, 9ϫ10 15 W/cm 2 laser pulses. Unshifted harmonic positions are marked by dotted lines. Harmonic spectra reflect the density effect; the peak intensities of harmonics were approximately proportional to the square of the gas density. This shows that the coherent growing of harmonic intensity occurs as the number of harmonic generation increases. The amount of the harmonic blueshift at the Ar density of 1ϫ10 18 cm Ϫ3 was just 25% larger than that at the density of 2ϫ10 17 cm Ϫ3 , even though the gas density was increased five times. Therefore, the effect of SPM on the harmonic blueshift was not significant since the increase of the blueshift with gas density was small.
The density dependence of the blueshift from Ar gas was more closely inspected in Fig. 10 . The peak density of Ar was varied from 1ϫ10 17 to 8ϫ10 17 cm Ϫ3 . The dotted lines
show the blueshift extrapolated to zero gas density. The blueshift due to the SPM effect can be estimated by subtracting the zero density value inferred by the extrapolation from the observed blueshift. For the 27th harmonic generated at the Ar density of 1ϫ10 17 cm Ϫ3 , it is only 6% of the total blueshift. The fractional blueshift increased linearly with the gas density and the slopes of the density-dependent fractional blueshift for different harmonic orders were nearly same. This is the consequence of the blueshift due to the SPM effect since the SPM in an ionizing gas is proportional to the medium density and the fractional blueshift does not depend on the harmonic order. The amount of blueshift extrapolated to zero gas density, however, was still significant. Therefore, the observed blueshift should have another mechanism than SPM, the nonadiabatic blueshift, since the SPM effect should disappear at the zero density.
Intensity dependence of blueshift
The theoretical analysis on the nonadiabatic blueshift in Sec. II predicted the characteristic behavior of the nonadia -FIG. 9 . High-order harmonic spectra obtained from Ar driven by 30-fs laser pulses centered at 813 nm. The laser intensity was 9ϫ10 15 W/cm 2 , and the peak gas densities at the interaction region were 1ϫ10
18 ͑a͒, 8ϫ10 17 ͑b͒, 4ϫ10 17 ͑c͒, and 2ϫ10 17 cm Ϫ3 ͑d͒. Unshifted wavelengths of the harmonics were plotted by dotted lines.
FIG. 10. Fractional blueshift of harmonics from Ar driven by 30-fs laser pulses with respect to the gas density. The laser intensity was 9ϫ10 15 W/cm 2 .
FIG. 11. Fractional blueshift of harmonics from Ar driven by 30-fs laser pulses with respect to the applied laser intensity. The gas density was 2ϫ10 17 cm Ϫ3 .
batic blueshift with respect to the laser intensity. Though the blueshift due to SPM also increases with laser intensity, it is not considered seriously here since its contribution is small, as shown in the density dependence of the blueshift. The experimental result is compared with the theoretical prediction by the semiclassical theory. Figure 11 shows the laser intensity dependence of the harmonic blueshift in Ar obtained with 30-fs and 80-fs laser pulses. In the case of the blueshift of harmonics obtained with 30-fs laser pulses, the blueshift increased rapidly to a significant value as the laser intensity was increased from 3 ϫ10 14 to 2ϫ10 15 W/cm 2 . It then slightly increased further as the laser intensity was raised to 9ϫ10 15 W/cm 2 . It is exactly the same behavior as predicted theoretically in Fig. 4 obtained using a Gaussian laser pulse.
The quantitative comparison on the harmonic blueshift over the laser intensity between the experimental result and the theoretical estimation is made in Fig. 12 . The experimentally observed fractional frequency shifts of the 27th harmonic from Ar are plotted together with theoretical results for 30-fs and 80-fs Gaussian laser pulses. The Ar density was 2ϫ10 17 cm Ϫ3 for both cases. The blueshift of harmonics only from the short electron trajectory was considered in the calculation since the poor phase matching of the harmonics from the long trajectory makes them less visible ͓19͔. It is also confirmed from the order dependence of the blueshift given in Sec. III. For the quantitative comparison, however, the propagation effect of HHG should be considered. If only a single-atom response were considered, the harmonic intensity would be strongest at the time of maximum dipole acceleration. At this moment about 30% of neutral atoms are ionized by the driving laser pulse. As a result, the harmonics generated at this moment need not to yield the maximum observed harmonic intensity since the phase matching of harmonics during propagation is less favorable than that emitted earlier in time; it would provide a lower bound of the fractional frequency shift. The upper bound of the fractional frequency shift can be estimated by considering the lowest possible laser intensity to generate a given harmonic, i.e., the threshold intensity for a given harmonic order ͓19͔. The shaded area shows the lower and the upper bounds of the calculated fractional frequency shift. If we consider the fact that the experimentally observed blueshift of the 27th harmonic obtained with an Ar density of 2ϫ10 17 cm Ϫ3 contains the blueshift of about 10% due to the SPM effect, as shown in Fig. 10 , the observed blueshift matches well the calculated range. For the laser intensity above 1 ϫ10 15 W/cm 2 where the ionization of Ar is significant, the blueshift of harmonics has values close to the upper bound- 17 cm Ϫ3 and the shaded area was calculated using the semiclassical theory. ͑a͒ Fractional blueshift of harmonics obtained with 30-fs laser pulses and ͑b͒ with 80-fs laser pulses. harmonics emitted as early as possible, indicating the importance of the propagation effect. Therefore, the experimentally observed frequency shift can be reasonably well explained by the nonadiabatic blueshift estimated from the semiclassical theory.
Order dependence of blueshift
In the semiclassical theory, the nonadiabatic blueshift depends on the harmonic order. In Fig. 3 , the blueshift of harmonics from the short trajectory increases with the harmonic order, while the blueshift of harmonics from the long trajectory decreases with the harmonic order. In the experimental results the harmonic blueshift increased with the harmonic order. Therefore, the assumption that the observed harmonics are generated from the short trajectory can be justified by the behavior of the blueshift with the harmonic order. Figure 13 shows the order dependence of the harmonic blueshift obtained with the laser intensity of 9 ϫ10 15 W/cm 2 and Ar density of 2ϫ10 17 cm Ϫ3 , along with the calculated result from the semiclassical theory. The fractional blueshift increased almost linearly with values close to the upper bound of the calculated fractional blueshift as the harmonic order increased. The fractional blueshift of the 39th harmonic from Ar obtained with the 30-fs laser pulse was about 60% larger than that of the 25th harmonic. As the SPM of the laser pulse changes the fundamental wavelength of HHG, the fractional blueshift due to the SPM effect has no order dependence. The observed order dependence of high-order harmonics can be used as one of the evidences showing that the major factor of the blueshift observed in this experiment is not due to the SPM effect but due to the nonadiabatic effect from the rapid increase in the 30-fs laser field.
Effect of laser-pulse duration on blueshift
As shown in Eq. ͑6͒, the relative electric-field variation of a laser pulse at the time of maximum harmonic emission is inversely proportional to the pulse duration. Accordingly, the nonadiabatic blueshift should be also inversely proportional to the laser-pulse duration. The laser-pulse duration effect on the blueshift is clearly seen in the experimental results in Figs. 10-12. In order to increase the pulse duration, the spectral width of a laser pulse was limited before the first amplifier. The characteristic behaviors of the blueshift on the laser intensity were very similar for both cases, as shown in Fig.  11 . The blueshift of harmonics generated by a 30-fs laser pulse was clearly much larger than that by a 80-fs laser pulse for all laser intensities and harmonic orders. The ratio between the blueshifts of the 27th harmonic generated by 30-fs and 80-fs laser pulses at the laser intensity of 9 ϫ10 15 W/cm 2 was about 2.5. It agrees well with the expected value of 2.7 and confirms the dependence of the nonadiabatic blueshift on the laser-pulse duration. This provides an important measure in estimating the amount of harmonic blueshift when laser pulses of different durations are used.
HHG also depends on the laser-pulse shape. In Fig. 4 , the shape of the relative electric-field variation is different for different temporal shape. The electric-field variation of a sech 2 pulse increases rapidly at low laser intensity, but quickly saturates to a certain value. For a Gaussian laser pulse, the electric-field variation rapidly increases up to the laser intensity of 3ϫ10 15 W/cm 2 . However, it continues to increase after that even though the slope is sharply reduced. In the experimental result shown in Fig. 11 , the blueshift increased rapidly below the laser intensity of 3 ϫ10 15 W/cm 2 , and slowly increased further above that intensity for both 30-fs and 80-fs laser pulses. It ascertains the FROG measurement that showed a Gaussian pulse shape.
IV. CONCLUSION
We have presented the detailed study of the blueshift of high-order harmonics generated by intense femtosecond laser pulses. Using the semiclassical theory based on the strong-field approximation, the observed large harmonic blueshift was analyzed. The observed blueshift originated mainly from the nonadiabatic effect due to the rapid increase in the laser electric field. The density dependence of the blueshift showed that the SPM effect was not a major factor of the observed large blueshift. The characteristic behavior of the harmonic blueshift in the laser intensity and the order dependence further confirmed that the observed blueshift was caused mainly by the nonadiabatic effect. The experimental result also showed that the harmonic blueshift was inversely proportional to the laser-pulse duration, agreeing with the prediction by the semiclassical calculation.
As the harmonic blueshift increased with applied laser intensity, the harmonic wavelengths could be changed simply by adjusting the applied laser intensity. The adjustment could be done by controlling the laser energy before the pulse compressor without changing any other parameters. In this way, the blueshifts of two times the laser frequency in the 39th harmonic from Ar and of four times the laser frequency in the 85th harmonic from Ne were achieved. These blueshifts were large enough to cover the whole frequency interval between adjacent odd harmonics. This is an important demonstration of the large harmonic blueshift that can provide a tool to realize a tunable coherent femtosecond XUV light source, or a tabletop synchrotron.
